Giant perpendicular magnetic anisotropy enhancement in MgO-based
  magnetic tunnel junction by using Co/Fe composite layer by Vojáček, Libor et al.
1 
 
 
Giant perpendicular magnetic anisotropy enhancement 
in MgO-based magnetic tunnel junction by using Co/Fe 
composite layer 
Libor Vojáčeka*†, Fatima Ibrahima, Ali Hallala, Bernard Dienya, Mairbek Chshieva,b* 
aUniv. Grenoble Alpes, CNRS, CEA, Spintec, 38000 Grenoble, France 
bInstitut Universitaire de France (IUF) 
KEYWORDS: perpendicular magnetic tunnel junctions, perpendicular magnetic anisotropy 
enhancement, strain-induced anisotropy, STT-MRAM 
ABSTRACT: Magnetic tunnel junctions with perpendicular anisotropy form the basis of the spin-transfer 
torque magnetic random-access memory (STT-MRAM), which is non-volatile, fast, dense, and has quasi-
infinite write endurance and low power consumption. Based on density functional theory 
(DFT) calculations, we propose an alternative design of magnetic tunnel junctions comprising 
Fe(n)Co(m)Fe(n)|MgO storage layers with greatly enhanced perpendicular magnetic anisotropy (PMA) 
up to several mJ/m2, leveraging the interfacial perpendicular anisotropy of Fe|MgO along with a stress-
induced bulk PMA discovered within bcc Co. This giant enhancement dominates the demagnetizing 
energy when increasing the film thickness. The tunneling magnetoresistance (TMR) estimated from 
the Julliere model is comparable with that of the pure Fe|MgO case. We discuss the advantages and pitfalls 
of a real-life fabrication of the structure and propose the Fe(3ML)Co(4ML)Fe(3ML) as a storage layer 
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for MgO-based STT-MRAM cells. The large PMA in strained bcc Co is explained in the framework of 
Bruno’s model by the MgO-imposed strain and consequent changes in the energies of dyz and 
dz2 minority-spin bands. 
1. Introduction  
MgO-based magnetic tunnel junctions (MTJs) are used in today’s hard-disk drive read heads and a 
variety of magnetic field sensors for their supremely high tunneling magnetoresistance (TMR) effect1. 
Hard-disk drives, however, are approaching their scaling limits2. Besides, spin-transfer torque magnetic 
random-access memory (STT-MRAM), also based on MTJs comprising an MgO tunnel barrier, is 
entering into volume production for eFLASH replacement and SRAM type of applications. They are non-
volatile, fast (5-50ns cycle time), can be made relatively dense (Gbit), with low power consumption 
(100fJ/write event), and exhibit very good write endurance3–5.   
The building block of STT-MRAM is a cell with (1) high TMR for good readability, (2) high spin-
transfer torque efficiency for good writability, and (3) high magnetic anisotropy for good thermal stability 
and therefore memory retention6,7 . All of these requirements must be satisfied together which is the case 
in perpendicularly magnetized CoFeB|MgO MTJs as long as the cell diameter remains larger than 
~30nm8. Below this diameter, the perpendicular anisotropy provided by CoFeB|MgO interface becomes 
too weak in regards to thermal fluctuations so that the memory retention reduces excessively. In this work, 
we focus on improving the third requirement – the perpendicular magnetic anisotropy (PMA) – of the 
MgO-based MTJ, therefore allowing improved downsize scalability of out-of-plane magnetized 
MRAM.   
Although heavy metals like Pt or Pd can enhance PMA9,10, they do so by increasing the spin-orbit 
coupling (SOC) parameter ξ. This is, however, associated with the undesirable side effect of increasing 
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the Gilbert damping11, thus increasing the spin-transfer torque switching current12,13. To avoid this 
problem, recipes based on purely 3d metallic elements were developed14,15. However, these recipes are 
based on Fe-Ni or Co-Ni alternating atomic layers, yielding structures that are intrinsically complex to 
fabricate or may require excessively high deposition/annealing temperature. They can also get 
deteriorated upon the annealing required to obtain good crystallization of the MgO barrier and 
surrounding magnetic electrodes.  
In this work, we propose a different approach based on introducing a bulk Co interlayer into a simple 
Fe|MgO MTJ. The latter exhibits comparable or stronger PMA than the aforementioned Fe-Ni or Co-Ni 
alternating atomic layers. In addition, the PMA characterized by the magnetocrystalline anisotropy energy 
EMCA increases with the film thickness at comparable or higher rate. Lastly, the Co Curie temperature 
(1404K) is significantly higher than that of Fe (1043K) and twice higher than that of Ni (631K), which 
provides higher temperature stability16. 
The paper is organized as follows. In Section 2.1, based on DFT calculations, we propose a new type 
of MTJ with an enhanced PMA and high TMR. In Section 2.2, we discuss the real-life fabrication aspect. 
In Section 2.3, the systematic calculations supporting our proposal are presented. In Section 2.4, the large 
bulk Co|MgO PMA is explained by the electronic structure and Bruno's model. 
2. Results and Discussion 
2.1. MTJ with greatly enhanced PMA  
The DFT calculations were performed using the Vienna ab initio simulation package (VASP)17,18. 
Besides the electronic structure, the basic output of the calculation is the magnetocrystalline anisotropy 
energy EMCA and its atomic site-resolved contributions. Positive (negative) value of EMCA indicates PMA 
(in-plane anisotropy), respectively. Calculation details are given in the Supporting Information. 
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In this study, we find that a significant contribution to PMA originates from the bulk of epitaxial bcc Co 
on top of MgO. Its origin will be presented in detail in Sections 2.3 and 2.4. We exploit this finding and 
propose to enhance the PMA of conventional Fe|MgO MTJ by replacing the bulk Fe layers with Co. The 
effect can be further enhanced by sandwiching the magnetic layer between two MgO barriers. The 
proposed improved MTJ storage layer thus takes the form MgO|Fe(n)Co(m)Fe(n)|MgO with n ≥ 2 and m 
≥ 3, as shown in Fig. 1(c). It is required to have at least two Fe atoms at the MgO interface and three 
successive Co atoms in the bulk to obtain the PMA enhancement (for details see Fig. S1 in the Supporting 
Information).  
Structures with different n and m were systematically investigated. The thickness of MgO in all the 
calculations was chosen to be 5 (6) monolayers for odd (even) number of metal layers, respectively. Fig. 
1(a) shows the effective PMA comprising the magnetocrystalline anisotropy energy EMCA and dipole-
dipole induced demagnetization energy Edd as a function of n, m. One can clearly see that the effective 
PMA does not vanish with increasing thickness but interestingly it grows steadily. This is in contrast to 
the pure Fe|MgO case (grey line), where the demagnetizing energy Edd drives the magnetization in-plane 
for thicknesses above 11 monolayers (ML). The variation of EMCA and Edd as a function of m for n=2 is 
shown in Fig. 1(b).  
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Figure 1. (a) Effective PMA in MgO|Fe(n)Co(m)Fe(n)|MgO as a function of n, m. 
Pure MgO|Fe|MgO with a thickness of m+4 ML is shown by gray symbols for comparison (the same as 
the overall thickness for n = 2). (b) EMCA, Edd and their sum for n = 2. (c) Supercell of the 
MgO|Fe2Co3Fe2|MgO with periodic boundary conditions applied in all directions (produced by 
VESTA19). 
 
The dipole-dipole energy Edd is obtained by summing over all the dipole-dipole interactions
20,21 (see the 
Supporting Information for details). Edd acts mainly as a demagnetizing energy
20, favoring the in-plane 
magnetization orientation. Edd is proportional to the product of the magnetic moments of the interacting 
atoms (𝜇1 ∙ 𝜇2). Thus, replacing the bulk Fe with Co decreases its magnitude knowing that in the bulk of 
the layer 𝜇Fe ≈ 2.5 𝜇B while 𝜇Co ≈ 1.8 𝜇B, where 𝜇B is the Bohr magneton. Thus, the effect of the bulk Co 
is two-fold: it increases the positive EMCA (discussed in detail in Sections 2.3 and 2.4) and diminishes the 
negative demagnetizing dipole-dipole contribution.  
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Replacing the MgO on one side of the metal film with vacuum, as tested on the n=4, m=6 structure, 
decreases the EMCA by 16% (see Fig. S2 in the Supporting Information). This is predominantly due to the 
drop in EMCA of the two interfacial Fe atoms
23. The effect of replacing the MgO by vacuum in pure bcc 
Fe(Co,Ni)|MgO is shown in Fig. S3 in the Supporting Information. However, when the metal thicknesses 
are reduced (n=2, m=3), this drop is 36% and reaches even 86% when both interfaces are in contact with 
vacuum instead of MgO. This explains why Hotta et al.14 observed no enhancement of anisotropy in 
Fe2Co3Fe2. They mimicked the presence of MgO by setting the lattice parameter equal to that of bulk 
MgO while in reality having vacuum at the interfaces. Additionally, changing the MgO thickness from 3 
to 7ML has a negligible effect on the EMCA in the order of 0.01 mJ/m
2, as tested on the Fe3Co3Fe2. 
Since we are interested in implementing this proposed storage layer in a full MTJ stack, we investigated 
its expected TMR amplitude. A large TMR of 410% at room temperature has been observed previously 
in pure bcc Co|MgO|Co MTJs22. In addition, Co in combination with Fe is often used for its record-
holding TMR values. Therefore, we expect the high TMR to be present also in the proposed 
Fe|MgO MTJs with the inserted Co bulk layer. The TMR value was estimated from the Julliere formula23 
with the spin polarization calculated from the local density of states at the Fermi level EF of the interfacial 
Fe atoms. The values are very similar to those of pure Fe|MgO, i.e. around 400%. Because the PMA does 
not originate solely from the interface in the proposed structure, in contrast to Fe|MgO24, this suggests 
that we could separately tune the PMA by the bulk Co and the TMR by the Fe|MgO interface. 
2.2. Towards practical implementation  
As mentioned in the introduction, the proposed MTJ is conceptually much simpler and robust against 
annealing than the alternating layers-based MTJ14,15 with similar properties. However, there are two main 
issues that we address regarding the fabrication of our structure, namely the stability of the bcc Co phase 
and the robustness against the Fe-Co interface not being atomically sharp.  
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Although the natural form for Co is hcp, the metastable bcc Co phase can be grown at room 
temperature25–27.  It has been successfully grown on top of Fe with thickness up to 15 ML28, with well-
defined interfaces and no visible interdiffusion. The observed strain of 10% in bcc Co|MgO is very large, 
but still in the limit of what is experimentally realizable29. Indeed, Yuasa et al.22 
fabricated bcc Co(4ML)|MgO(10ML)|Co(4ML) MTJ and measured a record-holding TMR of 410% at 
room temperature. The bcc phase stability will probably be highest if the device is used as a double-barrier 
MTJ, which also provides the highest PMA from the interfacial Fe. This is based on our structural 
relaxation showing that the bcc Co is preserved on top of MgO, while it transforms into the fcc phase 
when surrounded by vacuum. 
Sharpness of the Fe-Co interface is another important factor to consider. From the simulations, it follows 
that any interdiffusion is fatal for the PMA when the Fe or Co thickness is less than 2ML or 3ML, 
respectively (i.e n < 2, m < 3; see Fig. S1 in the Supporting information). Robustness will clearly be 
achieved at larger Fe and Co thicknesses. Larger Co thickness is favorable as it increases the PMA [Fig. 
1], but thicker bcc Co will probably be harder to fabricate22. Higher Fe thickness also adds the desired 
robustness, but the PMA is decreased as shown in Fig. 1(a) [for layer-resolved behavior see Fig. S4 in the 
Supporting Information]. In addition, the stability of the bcc Co phase might be increased with thicker Fe, 
as it is generally easier to grow bcc Co on Fe than on MgO. Besides, Co does not wet well on oxides due 
to its high surface tension while Fe does30,31. Looking at Fig. 1(a) and considering all the mentioned 
aspects, the MgO|Fe(3ML)Co(4ML)Fe(3ML)|MgO seems a promising candidate as a storage layer for 
STT-MRAM cells with much improved thermal stability compared to conventional STT-MRAM.  
Indeed, when the storage layer is sandwiched between two MgO layers, the anisotropy per unit area is 
of the order of 2 mJ/m² from the interfacial contribution minus ~1.2 mJ/m² from demagnetizing energy 
(dependent on the chosen storage layer thickness) yielding a net effective anisotropy per unit area 
~0.8mJ/m².4 In comparison, the net anisotropy per unit area in the proposed structure is ~2.2mJ/m² being 
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almost 3 times larger. This means that for the same thermal stability factor, the cell area could be reduced 
by a factor of 3 in the proposed structure compared to conventional MRAM7,32. 
2.3. PMA in bcc Fe(Co, Ni)|MgO thin films  
The idea of the improved MTJ proposed above was driven by our systematic investigation of the 
thickness dependence of EMCA in pure bcc (001) Fe, Co and Ni |MgO ultrathin films. The EMCA as a 
function of metallic layer thickness is presented in Fig. 2(a). While for Fe the EMCA converges to a 
constant value24, we observe a steady increase for Co. The behavior for Ni is more subtle. To elucidate 
why the trend varies among the three metals, we show in Fig. 2(b) the layer-resolved contributions to the 
EMCA (i.e. the contributions from each atomic layer separately).  
For Fe, the main contribution to EMCA comes from the first two interfacial layers
24,33. Increasing the 
thickness does not affect the electronic properties of the interfacial layers in a significant way24 (see Fig. 
S5 in the Supporting Information). The bulk layers almost do not contribute to the PMA, hence 
the EMCA does not change.   
On the contrary, all the bulk layers of Co seem to contribute with a significant positive EMCA value as 
evident from Fig. 2(b). Hence, the EMCA grows almost linearly with the number of added bulk Co layers. 
This observation is the cornerstone of this paper.  
For Ni, the influence of the interface manifests itself as deep as 6 monolayers, with the two interfacial 
monolayers contributing a negative EMCA. This is the reason for the in-plane preference in the 5ML 
structure as shown in Fig. 2(a). Although the deeper bulk layers contribute positively, the EMCA does not 
grow monotonically as expected because the interfacial contributions change upon thickness increase (see 
Fig. S5 in the Supporting Information). The bcc Ni |MgO is also problematic because of the large strain 
of ≈ 15%. 
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Figure 2. (a) Thickness dependence of EMCA in bcc Fe(Co, Ni)|MgO. Note that the PMA in Co increases 
steadily. (b) Layer-resolved EMCA in the structure with 15ML of metal. Layer 1 is the interfacial layer, the 
layer number increases towards the bulk of the material. The largest contribution for Fe comes from the 
interface, for Co it comes from the bulk. (c) EMCA in purely bulk bcc Fe, Co and Ni as a function of c/a 
ratio. Dashed lines indicate the typical value of c/a in the bulk of the given metal|MgO (see text for 
details). At its typical strain, the EMCA for Co is the same as in the bulk layers in Fig. 2. 
2.4. Strain-induced anisotropy and Bruno's model  
The large positive bulk EMCA in Co|MgO is caused by the strain that is induced within the Co by the 
MgO. To confirm this hypothesis, we have calculated EMCA as a function of c/a ratio in the primitive bcc 
unit cell for each of the metals shown in Fig. 2(c).  The a and b lattice parameters were set to the value of 
the relaxed bulk bcc Fe, Co or Ni unit cell, while the c lattice parameter was varied. The typical c/a ratios 
we found within the bulk metal layers in Fe, Co and Ni interfaced with MgO are 0.94, 0.89, and 0.85, 
respectively [dashed lines in Fig. 2(c)]. 
It clearly follows from Fig. 2(c) that for Fe and Ni, this bulk strain-induced EMCA is very small at their 
typical bulk strains (dashed lines). However, we observe a large positive contribution of ≈ 0.5 mJ/m2 for 
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Co, which is the same value expected from Fig. 2(b). Indeed, artificially setting c/a = 1 in a previously 
relaxed Co|MgO eliminates the bulk contribution to PMA, thus confirming that strain plays the central 
role. We note that the calculated EMCA(c/a) dependence in Fig. 2(c) corresponds well to previous 
findings34,35, where the focus was limited to c/a > 1.  
Deeper analysis shows that the c/a dependence of EMCA for c/a < 1 in bcc Co|MgO can be well explained 
in the framework of Bruno's model36,37.  Bruno's model treats magnetic anisotropy based on the second-
order perturbation theory, so it involves interactions of filled and unfilled orbitals, separated by the Fermi 
level. Depending on the two interacting d orbitals 𝜇 and 𝜇’, there are 10 nonzero contributions to EMCA 
that are either positive or negative dictated by the respective Pµµ’ matrix component (see the Supporting 
information for details on Pµµ’ calculation). Furthermore, the strength of the contribution is inversely 
proportional to the difference between the energies of the two interacting orbitals. Because the majority-
spin band is almost fully occupied, only the minority-spin states are taken into account.37  
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Let us now reproduce the Co EMCA dependence as a function of c/a from Fig. 2(c) by applying Bruno's 
model to the band structure at high-symmetry Z point using ξCo = 84 meV for the spin-orbit coupling 
parameter38. The resulting ‘Bruno’ curve is shown in Fig. 3(a). For comparison, we plot the Co EMCA 
curve (‘DFT’) from Fig. 2(c). In the region of interest, around c/a = 0.90, these two show good 
correspondence. 
Figure 3. (a) The Co EMCA dependence on c/a obtained by (‘DFT’) from Fig. 2(c) compared with the one 
calculated with Bruno’s model at the high-symmetry Z point (‘Bruno’). They correspond well around c/a 
= 0.90.  The ‘dyz-dz2’ interaction contribution to ‘Bruno’ and the sum of ‘all (the nine) other contributions’ 
are separately shown. The dyz-dz2 clearly dictates the changes in EMCA while the sum of all the other 
interactions varies only little with c/a. (b) The bcc Co c/a dependent band-structure at the high-symmetry 
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Z point around EF. The energy difference between dz2 and dyz increases with decreasing c/a, resulting in 
diminishing this negative ‘dyz-dz2’ contribution in Fig. 3(a). 
 
Inspecting the individual nonzero contributions to the ‘Bruno’ curve, we notice that the dyz-dz2 is the 
dominant one. Indeed, in Fig. 3(a) the ‘dyz-dz2’ curve reflects the c/a dependence of the ‘Bruno’ curve, 
while the sum of all other interactions stays almost constant around c/a = 0.90. Note that the interaction 
of the filled dyz band with the unfilled dz2 band has the largest negative Pµµ’ weight coefficient (see the 
Supporting Information). To elucidate the dyz-dz2 trend, in Fig. 3(b) we show the band structure around 
Fermi energy at the high-symmetry Z point. We observe that the energy difference between the dyz and 
dz2 bands increases for c/a < 1. Because the contribution to EMCA is inversely proportional to the energy 
difference of the interacting orbitals, this negative value diminishes with decreasing c/a, which increases 
the overall EMCA. In conclusion, the large bulk Co PMA is caused by the increase of the energy difference 
between the filled dyz and unfilled dz2 minority-spin bands, which in turn is caused by the MgO-imposed 
strain. While we illustrate this on the high-symmetry Z point, the c/a trend is maintained when all the k-
points in the Brillouin zone are integrated over. 
 
3. Conclusion 
We proposed an alternative concept of MTJ with strongly enhanced perpendicular magnetic anisotropy 
based on introducing a Co interlayer into the bulk of conventional Fe|MgO MTJ. DFT calculations 
confirm that the PMA enhancement overcomes the negative demagnetizing energy in these 
Fe(n)Co(m)Fe(n)|MgO structures. The TMR shows values similar to the pure Fe|MgO case. There is a 
trade-off between the enhancement magnitude and its robustness against the Fe-Co interfacial diffusion 
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in a prospective real-life fabrication process. The Fe(3 ML)Co(4 ML)Fe(3 ML) seems of strong potential 
as a storage layer for MgO-based STT-MRAM cells. This design is based on the presented systematic 
study of PMA in bcc Fe(Co,Ni)|MgO, showing clearly that the MgO-imposed compressive strain induces 
a significant bulk PMA in bcc Co. This phenomenon is explained in the framework of Bruno's model and 
attributed to strain-induced changes in the energies of the minority-spin filled dyz and unfilled dz2 orbitals 
at the Fermi level. 
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DFT calculation method 
The density functional theory (DFT) calculations were performed using the Vienna ab 
initio simulation package (VASP)1,2 with generalized gradient approximation3 and Perdew-
Burke-Ernzerhof (PBE) pseudopotentials4. We are following the procedure described by 
Hallal et al.5 with a k-point mesh of at least 25 x 25 x 1 points and a plane wave cutoff energy 
520 eV. The calculation consists of three steps. First, the cell shape, volume, and atomic 
positions are relaxed until the forces are below 0.001 eV/Å. Second, a self-consistent 
calculation of the electronic structure is performed. Finally, the spin-orbit interaction is 
included and the energy of the system evaluated non-self-consistently with the electronic 
charge density from the previous step and the magnetization pointing in-plane and out-of-
plane. The magnetocrystalline energy EMCA is then defined as the energy difference between 
this in-plane and out-of-plane case. 
Dipole-dipole energy calculation 
The demagnetizing dipole-dipole energy Edd is obtained as a difference of the sum of all dipole-
dipole interactions when the magnetic moments are pointing in-plane and when they are 
pointing out-of-plane6,7. We proceed as follows: First, the atomic positions of the relaxed unit 
cell and the magnetic dipole moments of individual atoms are loaded from the DFT calculation.  
Sum over all the dipole-dipole interactions is calculated up to cut-off radius r (∼100 unit cells), 
with 2D periodic boundary conditions applied within the plane of the thin film. Factor of ½ is 
included to avoid double counting. The difference of the magnetization in-plane and out-of-
plane cases gives the r dependence of Edd. We do this for several radii r and fit the resulting 
function Edd(r) with ar-b + c. Finally, we take the 𝑟 → ∞ limit, i.e. 𝐸𝑑𝑑(𝑟 → ∞) = 𝑐. Note that 
b ≈ 1, since the dipole-dipole energy ∝ 1/r3 and the number of atoms ∝ r2, thus overall 
yielding Edd ∝ 1/r. 
The minimal thickness requirement  
In the Fe(n)Co(m)Fe(n)|MgO structure, at least two layers of Fe at the interface with MgO and 
at least three layers of Co in the bulk are needed to ensure the large perpendicular 
magnetocrystalline anisotropy (PMA). This is clear from Figure S1, where the layer-resolved 
contribution to EMCA is shown for various metal|MgO structures with 7 monolayers (ML) of 
metal.  
 
Figure S1: Layer-resolved EMCA for 7ML structures with different composition of Fe (gold) and 
Co (blue) layers. Comparing with (a), there is a significant drop in the EMCA contributions when 
the n=2, m=3 requirement is not fulfilled. 
  
PMA for structures with MgO or vacuum at the 
interface 
In Fig. S2 we show the impact of replacing the MgO on one or both sides of the metal with 
vacuum and subsequent atomic relaxation on the resulting c/a and EMCA. For the small 
structure with 7ML of metal, replacing the MgO with vacuum even on one of the sides is fatal 
for the PMA. The thicker structure is robust against this change. 
 
Figure S2: Layer-resolved EMCA and c/a in (a) Fe4Co6Fe4 and (b) Fe2Co3Fe2. Replacing MgO on 
one side with vacuum is not a big problem for the thicker structure in (a) as it decreases only 
the contribution from the two interfacial Fe atoms (full squares vs. full circles). However, when 
the thicknesses are minimal (i.e. 2ML for Fe and 3ML for Co) as in (b), the positive bulk Co 
contribution disappears (full squares vs. full circles). From the (layer-resolved) c/a ratio it is 
clear that with vacuum on one side the structure relaxes so that c/a is closer to 1 [empty 
squares vs. empty circles in both (a) and (b)], which in turn should decrease the PMA [Fig. 
2(c)]. However, the observed decrease in (b) is radically larger than what would be expected 
from Fig. 2(c), suggesting an additional influence of the vacuum interface on the bulk for 
thinner structures. After replacing the MgO with vacuum on both sides, the structure relaxes 
toward c/a > 1 [empty triangles in (b)], gaining negative EMCA in agreement with Fig. 2(c). 
 
  
Difference in MgO and vacuum interface in bcc 
Fe(Co,Ni)|MgO 
 
The effect of replacing the MgO at the interface with vacuum is shown in Figure S3. The 
structure was taken as relaxed with the MgO. Relaxation directly in vacuum was performed 
for the Fe (denoted as ‘vacuum relaxed’). When performing the relaxation in vacuum for Co 
and Ni, the c lattice parameter expands by a factor of √2, effectively giving an fcc structure 
(rotated by 45° along the c axis). 
 
Figure S3: The layer-resolved EMCA for bcc (a) Fe, (b) Co, and (c) Ni with MgO or vacuum at the 
interface keeping the structure as relaxed with MgO. For Fe, the results after relaxation in 
vacuum are also shown. Notice the drop in the EMCA of the two interfacial Fe layers. 
  
Layer-resolved EMCA in enhanced structures 
In Figure S4, the layer-resolved EMCA is shown for structures with various n and m. It is clear 
that adding more Fe layers decreases the PMA. On the other hand, it provides robustness 
against the Fe|Co interface not being atomically sharp. 
 
Figure S4: Layer-resolved EMCA for MgO|Fe(n)Co(m)Fe(n)|MgO structures with different n and 
m. The third and deeper Fe layers have almost zero contribution and decrease also the EMCA 
of the neighboring Co layer. 
Figure S SEQ Figure \* ARABIC 4: Layer-resolved EMCA in bcc (a) Fe, (b) Co and (c) Ni thin films on 
MgO of different thicknesses. For Fe and Ni, the contribution from the interfaces does not vary much 
when increasing the metal layer thickness. This is not the case for Ni. 
Layer-resolved EMCA in bcc Fe(Co,Ni)|MgO of different 
thicknesses 
In Fig. S5, one can see that while for bcc Fe|MgO and bcc Co|MgO the interfacial contributions 
to EMCA do not change significantly with thickness, in bcc Ni|MgO this is not the case. 
 
Figure S5: Layer-resolved EMCA for bcc (a) Fe|MgO, (b) Co|MgO, and (c) Ni|MgO of different 
thicknesses. The non-monotonic dependence of EMCA on thickness for the case of Ni from 
Fig. 2(a) can be explained by the large changes in the Ni interfacial contributions. 
 
 
 
The Pµµ’ matrix for Bruno's model calculations 
In Table 1 we show the Pµµ’ matrix used in our calculations according to Bruno’s  model1,2 to 
obtain the magnetocrystalline anisotropy energy directly from the band structure or density 
of states. It is obtained as 𝑃𝜇𝜇′ = |〈𝜇|𝐿𝑧|𝜇
′〉|2 − |〈𝜇|𝐿𝑥|𝜇
′〉|2, where 𝜇 (𝜇′) indicates an 
occupied (unoccupied) d orbital and 𝐿𝑥 (𝐿𝑧) represents the orbital momentum operator in 
the x (y) direction. The expectation values 〈𝜇|𝐿𝑖|𝜇
′〉 can be found in Ref. 3.  
𝑃𝜇𝜇′ dxy dyz dz2 dxz dx2 
dxy 0 0 0 -1 4 
dyz 0 0 -3 1 -1 
dz2 0 -3 0 0 0 
dxz -1 1 0 0 0 
dx2 4 -1 0 0 0 
Table 1: The Pµµ’ matrix for the d orbitals. The interaction of occupied/unoccupied dyz and dz2 
orbitals has the largest negative contribution and it plays the central role in the PMA of 
strained Co. 
Figure S SEQ Figure \* ARABIC 4: Layer-resolved EMCA in bcc (a) Fe, (b) Co and (c) Ni thin films on 
MgO of different thicknesses. For Fe and Ni, the contribution from the interfaces does not vary much 
when increasing the metal layer thickness. This is not the case for Ni. 
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